This study was to characterize the microstructure of Alloy 690-SUS 304L stainless steel dissimilar weldments with Inconel 52 and 82 filler metals (I-52 and I-82). The weldments were butt-welded with gas tungsten arc welding. Microstructural analyses were conducted on the samples prepared from the middle of each fusion zone. Precipitates observed in the interdendritic region and along the grain boundary of the I-52 fusion zone were TiNs, while Ti-Nb-rich phases were detected in the I-82 fusion zone. In the root regions, Cr-carbides precipitated abundantly in the I-52, whereas few Cr-carbides were found in the I-82. The Cr content of the grain boundary was higher than 9 mass% in the root regions of both I-52 and I-82 welds. Owing to the dilution with base metal Alloy 690, the average Cr content was higher in the I-82 root region than in the cap region.
Introduction
Nickel-base weld metals are known to have good corrosion resistance and mechanical properties. They have been extensively used in dissimilar joints of nuclear power plants, such as safe-end welds, reactor vessel head penetration welds and shroud support welds. Recently, some Alloy 182 or Alloy 182/82 joints have experienced intergranular stress corrosion cracking (IGSCC). 1, 2) Some of IGSCC cracks were found to propagate through the dissimilar welds, which could be promoted by the residual stress and welding defects.
As a remedy against stress corrosion cracking, Alloy 82 and Alloy 52 are used as the substitute for Alloy 182 in light water reactors (LWR) owing to their better corrosion resistance. But recent failure cases of LWR components suggest that IGSCC remains a concern for Alloy 82 welds. 1) Alloy 52 has an higher chromium content to enhance the corrosion resistance. Therefore, it has been tried as a replacement for Alloy 82 to repair many cracked components. 2, 3) The mechanical properties and corrosion resistance of Alloy 52 and Alloy 82 have been extensively investigated. [4] [5] [6] [7] [8] [9] [10] [11] [12] Alloy 52 has proved to have better mechanical properties and corrosion resistance than Alloy 82, which is generally believed to be closely related with the microstructure. However, there has been little work performed to examine the microstructure of the Alloy 52 and Alloy 82 dissimilar joints.
Alloy 690 has been used to repair Alloy 600-stainless steel joints in the nuclear power plants with a suitable weld metal, I-52 or I-82 which possessed higher mechanical properties and corrosion resistance than Alloy 182. So this study was undertaken to characterize the microstructure of the dissimilar joints of nickel-based alloys and stainless steels. Alloy 690 and SUS 304L were butt-welded by a gas tungsten arc welding (GTAW) process with Inconel 52 and 82 as filler metals (I-52 and I-82). Scanning electron microscope (SEM) and transmission electron microscope (TEM), equipped with energy dispersive X-ray spectroscope (EDXS), energy-filtering TEM (EFTEM) and electron energy loss spectroscope (EELS), were employed to characterize the microstructure of Alloy 52 and Alloy 82 welds.
Experimental Procedure
Alloy 690 base metal specimens were supplied in a plate form, and had been solution-treated at 1050 C for 5 minutes and quenched in water prior to delivery. Stainless steel plates were heat treated in our laboratory at 1050 C for 30 minutes and then air-cooled. The test plates with dimensions of 70 Â 70 Â 6 mm were machined from the two base metals, and welded by means of the GTAW. Inconel 52 and 82 filler wires were 2.4 mm in diameter. The chemical compositions of the base metals and filler wires are provided in Table 1 . Figure 1 (a) presents an illustration of the weldment design. The bevelled-edge plates were welded to form an 80 single V-groove with a 2.4 mm root gap and a 1 mm root face. An argon gas of 99.9% purity was used as the shielding gas. Prior to welding, the surfaces of the filler metals, base metals, and clamps were thoroughly cleaned with acetone to remove any residual grease and ink. This is an important step since sulfur and phosphorous in grease and ink can lower the surface free energy of a liquid-solid interface and hence increase the hot cracking susceptibility of the weldment. A four-layered weld of either I-52 or I-82 was deposited in six welding passes. Following each welding pass, the welding process was halted until the inter-pass temperature fell below 150 C. During the inter-pass interval, the slag on the weldment was removed. Appropriate parameters were adopted to ensure the proper fluidity of the molten pool during the welding process. Table 2 is a summary of the welding parameters and the corresponding heat inputs.
SEM specimens were sampled from the middle of a fusion zone. The electrolytic etching was performed using a reagent of 70 mL H 3 PO 4 +30 mL H 2 O under a potential of 6 V DC for about 25 seconds. The dilution of base metal was calculated by measuring the change of area in base metals. The dilution in the cap and root was about 25% and 60-65%, respectively.
Thin foils and carbon extraction replicas for TEM investigation were prepared from specimens taken from the central fusion zone of a weldment, as shown in Fig. 1(b) . The thin foils were prepared by electropolishing at À10 C in a solution of 10 pct perchloric acid and 90 pct ethanol. The carbon extraction replicas were made through a process of double-sided extraction replication. Microstructural analyses were conducted by means of TEM, EDXS, and EFTEM using a JEOL 2000FX and an FEI Tecnai 20F microscope operating at 200 kV.
Results

Base metal
An optical micrograph of Alloy 690 is shown in Fig. 2 (a). Precipitates were dispersed in the matrix and along the grain boundary. The rectangular precipitates in the matrix were TiNs, which were larger than those along the grain boundary and showed a golden color under the optical microscope. The precipitates along the grain boundary were thought to be Cr- 
Analyses of interdendritc phases
The compositional variations between the base metal and fusion zone were analyzed with an SEM/EDS. Figure 3 shows the line scan results of the root region. As shown in Figs. 3(c) and 3(d) , wide variations in Ni and Fe contents were observed between the fusion zone and the SUS 304L base metal. On the side of Alloy 690, only little compositional variations were observed. In the I-82 fusion zone, the Nb content showed periodical change, as shown in Fig. 3(b) and Fig. 3(d) , which could be accounted for by the formation of Nb-rich interdendritic phases. I-52 had a higher Cr contents ($30 mass%) in the fusion zone than I-82 ($20 mass%). A rise in Cr contents by about 10 mass% in I-52 should have beneficial effect on corrosion resistance com- pared with I-82. Based on the change in the fusion zone area, the dilution was calculated to be about 60-65% in the root region for both I-52 and I-82. The width of the transition zone, in which the composition varied remarkably, was estimated to be about 50-100 mm, as shown in Fig. 3 . By contrast, the chemical compositions of the central fusion zone remained relatively constant. Thus, the specimens for TEM examination were taken from the central fusion zone, as shown in Fig. 1(b) . Figure 4 shows the precipitates in the central region of the two fusion zones. The white points and white lines were the interdendritic phases and grain boundaries, respectively. Results of EDS analysis showed that the interdendritic phases in the I-52 fusion zone were Ti-rich phase, but that the interdendritic phases in I-82 were rich in Nb, as shown in Fig. 4(e) and Fig. 4(f) .
Besides, in the I-52 fusion zone, as shown in Fig. 4(a) and Fig. 4(c) , there were more and larger interdendritic phases in the root region than in the cap region. In comparison, I-82 showed a reverse result that the root region had less and smaller interdendritic phases than the cap region, as shown in Fig. 4(b) and Fig. 4(d) . It could be attributed to significant dilution of the root region with base metals. On the whole, more interdendritic phases were present in the I-82 fusion zone than in the I-52 fusion zone because of its higher Nb content.
Characterization of precipitates 3.3.1 Fusion zone of weld with alloy I-52 filler
The matrix of the I-52 fusion zone was of an austenitic structure. In the cap region, Ti-rich precipitates in the interdendritic region were about 200 nm across the diagonal, as shown in Figs. 5(a) and 5(b) . Furthermore, some small precipitates were also observed in the matrix and along the grain boundary, as shown in the inset of Fig. 5(a) and Fig. 5(c) . On the TEM micrographs, they were rectangular in shape and measured to be about 40 nm in size. These precipitates were rich in Ti and N, and of fcc structure with a lattice parameter 0.420 nm, as shown in Fig. 6 . According to the ring pattern, they were identified as Ti-nitrides. also shows some TiNs without Cr were smaller in size and had a shape of rounded-rectangular or oval form. They were assumed to be unmelted residue due to their high melting point and short welding time. No Cr carbides were found in the cap region. In the root region, small Cr-rich phases were found near the large Ti-nitrides that were larger than those in the cap region and base metals, as shown in Fig. 7(a) . Figure 7(b) shows the ring patterns of the Ti-nitrides and Cr-rich phases. Some ring patterns with high intensity were similar to those Ti-nitrides in the cap regions, while the Cr-rich phases could be a mixture of various types of Cr-carbides.
The root region was made by the first pass of the welding process. Cr-carbides were observed to precipitate along the grain boundary or interdendritic regions, which could be induced by the thermal cycling due to the subsequent welding passes. Figure 8 shows that the average contents of Cr in the cap and root regions were at the same level of 29 mass%. However, unlike the uniform distribution of Cr in the cap region, there was a sharp drop in the Cr content near the grain boundary of the root region. Cr depletion in the vicinity of grain boundary provided indirect evidence for the formation of Cr-rich precipitates on the grain boundary. Figure 9 (a) shows the interdendritic phases formed in the I-82 fusion zone. They were identified as Ti-Nb phases with small amounts of Cr and Ni, as shown in Figs. 9(b) and 9(c).
Fusion zone of weld with alloy I-82 filler
A remarkable nitrogen peak in the spectrum of Ti-Nb phases was also noted when titanium was the dominant constituent.
Comparing Fig. 9 with Fig. 4(f) showed that the results of TEM-EDX analyses of the interdendritic phases seemed in contradiction to those from SEM-EDX analyses. Theoretically, the spatial resolution and excited volume of SEM-EDX are about 0.1 mm and 1 mm 3 , respectively, whereas those of TEM-EDX are about 10 nm and 10 À5 mm 3 . 13) In addition, the specimens of TEM-EDX were extraction replicas that only consisted of interdendritic phases/precipitates. Thus, the compositions of interdendritic phases obtained by TEM-EDX analyses would be more accurate than those by SEM-EDX.
The addition of Nb would promote the precipitation of interdendritic phases when its concentration is greater than the maximum solubility of Nb in the austenitic matrix. Nb could compound with Ti, from both of I-82 and Alloy 690, to form Ti-Nb nitrides in the fusion zone. Figures 9(b) and 9(c) show that the compositions varied with the location analyzed. Thus, we assumed this interdendritic phase was a mixture of Ti-N-rich phase and Nb rich phase. Referred to the observation in Fig. 6 , some of the Ti-N-rich phases in Fig. 9 might be the un-melted TiNs from Alloy 690.
Ti
Cr mass % 86.44 13.56 In the cap region, tiny precipitates in irregular shape were observed in the matrix and along the grain boundary, as shown in Fig. 10(a) . Typical Ashby-Brown contrast observed in Fig. 10(b) suggested that there were small misfitted precipitates with an approximately spherical strain field in the matrix. Most of the precipitates, as revealed in Fig. 11 , were about 100 nm in size, which could be observed along the grain boundaries in the cap region, as shown in Fig. 10 .
Nearby a few tiny particles (about 20 nm in size) could also be found. We assumed that these tiny particles induced the Ashby-Brown contrast. They could be a mixture of Ti-N and Ti-Nb-N particles and were of fcc structure with a lattice parameter 0.424 nm. Figure 12 shows precipitates formed in the root region. They were identified as an fcc phase with a ¼ 0:438 nm which was close to that of (Ti,Nb)(C,N). Few Cr carbides were also found here.
The average Cr contents of the cap and root regions of I-82 were about 20 mass% and 25 mass%, respectively, as shown in Fig. 13 . It was noted that the root region had a higher Cr content than the cap region. The dilution of base metals could account for this.
Discussion
Alloy 52 and Alloy 82 were composed of different contents of Cr, Ti and Nb, which led to marked differences in the microstructural characteristics and mechanical properties. In the I-52 fusion zone, the dominant precipitates were Ti-nitrides. But in the I-82 fusion zone, they were Ti-Nb-rich phase that had a higher nitrogen level when titanium was the dominant constituent.
Although all of the base metals and filler metals had low carbon contents, Cr-carbides were found to precipitate along the grain boundary and near the interdendritic regions of the I-52 root region. On the contrary, no obvious precipitation of Cr-carbides was observed in the I-82 root region. The Nb addition could reduce the precipitation of Cr-carbides in the root region of I-82.
The grain boundary and interdendritic region are the preferable sites for precipitation of Cr-carbides. In this study, the welding heat is periodically generated due to the multipass welding. With the welding heat, the precipitation of Crcarbides is often induced. The quantity of carbon atoms available would affect the amount of Cr-carbide to precipitate.
Ti and Nb are often used to stabilize carbon atoms. In nickel-based alloys, the nitrogen content increases with increasing chromium content. Ti is also employed to stabilize N atoms to avoid porosity formed in nickel alloys when it solidifies. 14) In this study, the Ti content in the I-52 was too low to reduce the precipitation of Cr-carbides in the root region. To the contrary, I-82 had an Nb content about 2 mass%, which was sufficient to decrease the Cr-carbides to precipitate in the root region.
The Cr content near the grain boundary decreases as a result of Cr-carbide precipitates. It has been proposed that the Cr depletion caused by the Cr-carbide precipitation along the grain boundary results in a reduction in the corrosion resistance to intergranular attack (IGA). 15) However, many studies have shown that Alloy 600 would be susceptible to IGA only when the Cr content near the grain boundaries is lower than 9 mass%. Thus, these two weldments could not be susceptible to IGA.
In addition, a rich coverage of carbides along the grainboundary in Alloy 600 would enhance the resistance of SCC in the low dissolved-oxygen water of PWR environment. 15, 16) The favorable SCC corrosion resistance properties of Alloy 690 and Alloy 52 in an oxygenated water environment are considered to be the result of the higher chromium content. 17, 18) Similarly, the heat treatment of Alloy 690 could further enhance its corrosion resistance. 19) The latest study has demonstrated that Cr-carbides along the grain boundary could prevent diffusion of Cr from the matrix to form Croxide, which is also thought to be the most effective against SCC in the PWR water environment. 20) The precipitation of Cr-carbides in the root region of the I-52 fusion zone could be a reason to account for its good SCC resistance.
Conclusions
This study has investigated the dissimilar weldments of Alloy 690 and SUS 304L, which have been butt welded using GTAW with Inconel 52 and 82 filler metals. Close microstructural analyses have been performed on specimens sampled from various locations within the corresponding fusion zones. The results of this microstructural analysis are summarized as follows:
(1) The fusion zones of both the I-52 and the I-82 had a lot of precipitates of various sizes in the interdendritic region and along the grain boundary. More interdendritic phases were observed in I-82 than in I-52. 
